Since its invention friction stir welding as a solid state joining method was considered primarily for aluminium alloys in the aerospace industry. Years of intense research and development were necessary to introduce the process for fabrication of aerospace components. It was necessary to accumulate sufficient information about process parameters, tooling and machinery for process specification, certification and design allowables. Friction stir welding was first used in space vehicles and in military aircraft, later it was used in civil aviation. Aircraft manufacturers such as Boeing, Airbus, and Embraer use this technique for components such as floor panels, fuselage panels, and wing ribs among others. This process allows for the introduction of new structural solutions in the same way that the development of advanced alloys also permits similar advances.
Introduction
The process of friction stir welding (FSW) was invented by W. M. Thomas in 1991 and patented worldwide by The Welding Institute (TWI), Ltd, Cambridge, United Kingdom [1] [2] [3] . Since then hundreds of related patents have been filed to include improvements, particular applications, and products etc. The interest in its industrial application is reflected by a steadily increasing number of organizations holding FSW licenses of the TWI. FSW is a solid-state joining process. The energy necessary to join objects comes from the friction heat produced by the motion of a special tool in contact with them. The heat produced is sufficient for plasticization of the material of the objects but not for its fusion. This means that it has the potential to be more energy efficient, more environmentally friendly, along with fewer health and safety concerns while producing strong welds at a lower cost. The principle of the FSW process is presented schematically in Fig.1 . A cylindrical shouldered tool with a profiled pin is rotated in the joint area between the two pieces that have to be securely clamped together to prevent them from being forced apart by the action of the rotating tool. The plasticized material of the joint area is intermixed by the pin while the shoulder of the tool produces a smooth surface along its path.
Fig. 1 Scheme of the friction stir welding process
Friction stir welding has been considered primarily for welding aluminium alloys which in fusion welding present a series of problems such as hydrogen embrittlement, porosity, liquation cracking etc. The composition of the weld metal is usually different from the base material in aluminium fusion welds resulting in significant differences in the properties of the weld and the base material. High strength precipitation strengthened aluminium alloys can be welded by FSW, so it can be used for joining structural aerospace and marine-grade aluminium alloys. Other metallic alloys that are difficult to weld by conventional fusion welding can be successfully joined by FSW. Dissimilar alloys of the same metal as well as alloys of different metals can be welded together [4] [5] [6] . Plastics also can be successfully welded by this method [7] . Today, for aeronautical applications the FSW process is used mostly for the production of individual components. Applications for major component assembly and on the final assembly line, may require substantial changes in design and modifications in existing means of production.
Thermo-mechanical characteristics of the process
The heat generated by the friction of the tool along with the energy release caused by plastic strain increases the temperature in the joint area to about 70-90% of the melting point resulting in a high degree of plasticization. The joint is a result of mechanical deformation and may be characterized by a combination of two hot working processes: forging and extrusion. The tool movement along the joint line results in the extrusion of the material around the weld tool probe. At the same time, the weld tool shoulder exerts pressure on the surface forging the joint together. This means that the shoulder of the tool in contact with the material of the joint generates the heat and maintains the plasticized material in the process area while the plastic flow of the material is produced both by the shoulder and the pin. The principal process parameters include tool rotation speed, translation speed, axial pressure and tilt angle, as shown in Fig. 2 . Increasing rotation speed and vertical pressure increases the temperature resulting in lower torque and a better flow of the material. Insufficient heating causes voids, while overheating due to excessively high pressures leads to thinning in the joint area. The torque depends also on the tool design, the tilt angle, the vertically applied stress, and on the conditions in the contact area [8, 9] . Fig. 3 shows a schematic of the transversal cross-section of a FSW joint. Four zones can be observed in this cross-section: a) the base material, b) the heat affected zone which does not suffer plastic deformation but which changes in its microstructure and properties due to the heat DOI 10 .12776/ams.v20i3.312 p-ISSN 1335-1532 e-ISSN 1338-1156 generated by the tool, c) the thermo-mechanically affected zone that is exposed to heating and suffers partial plastic deformation d) the stirred zone, where the material of the two welded objects is intermixed and suffers significant heating and plastic flow. It has to be pointed out that due to the rotation of the weld tool the joint structure appears to be asymmetrical in the stirred and thermo-mechanically affected zones. The heat affected zone tends to be symmetrical.
Fig. 2
The shape and the movements of the friction stir welding tool Many thermal and thermo-mechanical models have been developed to simulate the various aspects of this complex process. It has to be emphasized that a numerical simulation of every welding process requires a long list of input parameters: material properties (density, Young's modulus, Poisson's ratio, yield strength, work hardening coefficient) for the calculation of the stresses and distortions; thermo-physical properties (thermal conductivity, specific heat capacity, thermal expansion) for the temperature field calculations [10] . Another thermal model [11] based on a pseudo-steady-state heat transfer using the finite element method considered that the total heat generated is a sum of the friction heat and the heat of plastic deformation. This model also considered the material flow and the contact conditions between the tool and the material. The thermal model from ref. [12] , using the finite element method, suggested that temperature gradients are higher at the leading edge than at the trailing edge. The same is true for the gradient away from the interface between the shoulder and the plate.
The fully coupled thermo-mechanical model in [13] is based on solid mechanics relating to the inter-dependent factors influencing material flow, strain distribution and microstructural evolution. In the thermo-mechanical model of [14] the tool/work-piece interfacial frictionsliding is treated as the principal heat source while the heat dissipation is treated in association with plastic deformation as it relates to the effect of the temperature on the mechanical response of the material.
Tooling and machinery
The tool for FSW is, in principle, a bar with a shoulder and a centrally positioned probe (a profiled pin) at its extremity. The shoulder and probe geometry is very important for the success of the technique. Since the probe generates heat and stirs the material of the objects, its design depends strongly both on the composition of the material and its thickness. The authors in ref. [15, 16] emphasize the great influence of tool geometry on heat generation, plastic flow and the power required for the process. On the other hand, Colegrove and Shercliff [17, 18] on the basis of an exhaustive study of the tool geometry concluded that for practical purposes, the tool design does not influence the heat input and the power required. The material of the tool has to resist stresses at the temperatures generated by friction without being distorted. For aluminium alloys steel tools are the first choice. Alternatives for welding harder materials include superalloys, dispersion strengthened alloys and refractory metals. However, it is difficult to fabricate the complex shapes of probes using these materials. While basic information on simple FSW tools is available [19, 20, 21] , detailed information about advanced tools and the appropriate welding parameters for industrial production is considered confidential, and is usually only provided by tool fabricants to their customers. FSW machines for industrial applications are mostly custom-built and designed based on the customers´ requirements for full-scale automated production. Flexibility can be achieved by robotic systems able to perform welds in an arbitrary direction in a three-dimensional workspace. Universities involved in research and companies engaged in FSW process competence, are usually interested in small-batch fabrication machines coupled with different types of accessories to suit their specific needs [22] . As of February 2014, fourteen companies located in North America (6), Europe (4) and the Far East (4) were licensed by TWI to supply FSW equipment [23].
Routine Aerospace applications and future prospects
The principal advantages of friction stir welding from the point of view of aircraft applications are: a) in design and manufacturing:
• weight savings -through the elimination of the use of rivets and fasteners, also eliminating sheet-overlap configurations, • joining unweldable alloys by fusion methods -class 2000 e class 7000 alloys as well as the newly developed high strength Al-Li alloys, • higher reliability of the joint -by higher strengths than riveted joints, by improved fatigue performance through elimination of stress concentrators, by reduction of crack formation and through easier testing, • environmental demands -reduced energy usage and reduced waste.
b) in operation
• reduced fuel consumption -by weight saving Weight reduction is one of the principal driving factors in the aerospace segment and the term that refers to it is the Buy-to-Fly ratio. The Buy-to-Fly ratio is given by the weight of the raw material used for the component and its final weight. For flying components, this ratio can be as high as 15-20 due to the importance of weight optimization, elevating the cost both of the material and the manufacturing. As an advanced manufacturing process, FSW has the potential to significantly decrease the Buy-to-Fly ratio. Since its invention, FSW has been considered primarily as an attractive alternative to riveting in aircraft construction. The principal benefits include weight reduction, lower levels of stress concentration, and higher process efficiency. Together, these factors optimize manufacturing and joint strength for the modern joint designs (e.g. butt joint). The traditional design of outer panels of the fuselage is composed of aluminium plate reinforced by stringers (usually an extruded L profile), joined together by rivets. In spite of its wide use riveting has such problems as local stress concentration and permeability by fluids. Eliminating these problems, the FSW process also offers such improvements as higher joint strength, better fatigue resistance, corrosion resistance and higher productivity. A comparison of the traditional and a possible new approach using FSW for the stringer-plate joint is shown in Fig. 4 . This approach yields lower weight, impermeability, lower production costs and higher production speed. The butt-joint configuration achieves homogeneous joints with full penetration. This solution reduces the possibility of crack formation eliminating local stress concentration, facilitating quality assurance and joint evaluation using non-destructive testing methods. High strength and low weight is always a desirable combination in aeronautics. [24, 25] . Now, FSW is certified for aircraft applications as a joining process. This means that it can be used in the manufacturing of structural aerospace components. Airbus also edited its Process Specification of friction stir welding in "Process and material Specification" [26] . Contrary to civil aviation, neither military nor space applications require FAA certification. This is the reason why friction stir welded components first appeared in these areas. Boeing started using FSW in 1999 for its Interstage module of the Delta II and Delta IV expendable launch vehicles. Other FSW applications include the external tank of the Space Shuttle, the Falcon 1 and Falcon 9 rockets. Boeing has adopted friction stir welding on the cargo barrier beams for the Boeing 747 Large Cargo Freighter (the first commercially produced aircraft parts). FSW was used on the fabrication of the C-17 Globemaster III large transport aircraft for the toe nails of the ramp and floor, delivered to the U.S. Air Force in June, 2005. Airbus adopted FSW for the welded floor panels in the A400M military aircraft made by Pfalz Flugzeugwerke. Lockheed Martin has applied friction stir welding for the fabrication of the floor in the C-130 aircraft.
The first commercial application in civil aviation was introduced by Eclipse Aviation, using FSW on 259 Eclipse 500 business jets. FSW was adopted instead of riveting in the body skin, wing rib, chord supports, aircraft floor and assembly of structures, replacing approximately 7000 rivets with a weld whose total length was 128m [27] . Airbus uses FSW for fuselage panels and wing skins of the A380 aircraft. Embraer uses FSW for the forward fuselage panels in the Legacy 450 and 500 Jets. It seems to be obvious that future airframe structures will be built from many different materials in order to take advantage of the best properties of each of them. Advanced manufacturing processes will be introduced that allow for tailored structural characteristics and flexible manufacturing techniques that attend all airframe requirements. Metallic materials continue to be an important part of aircraft structures in spite of the competition with composites, the preeminent threat to the metallic fuselage. This competition has resulted in research and development of new advanced alloys and joining methods to produce lightweight aerostructures based on damage tolerant design philosophies. New structural solutions with optimized design and properties are possible using different alloys joined by solid state weld processing [28, 29] . The expected benefits are reduced material usage, lower costs and reduced environmental impact.
Conclusions
Friction stir welding as a solid state joining method has been considered for aeronautical applications to substitute the riveted joints with such advantages as weight savings, better strength, improved impermeability, and easier testing. 
